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ABSTRACT
Magnetic Resonance Imaging (MRI) was used to image non-invasively the entry of
gas into a 3D, gas-solid fluidised bed through a drilled plate distributor. MRI has
two main benefits for investigating gas entry hydrodynamics: firstly, voidage
variations in the bed can be imaged at high spatial and temporal resolutions and
secondly, dead-zones can be identified using direct measurements of particle
velocities. Permanent jet heights, time-averaged voidage maps and dead-zone
maps were acquired. The size of dead-zones was found to decrease with
increasing orifice velocity. In addition, permanent jet stalks were observed both in
the presence and absence of dead-zones.
INTRODUCTION
Gas distributors for fluidised beds, both at the laboratory and the industrial scale,
often consist of drilled plates. However, the exact behaviour of the gas and solids in
the region directly above the distributor (known as the grid zone, where much of the
gas-solids contacting occurs) is still poorly understood. A better understanding of
the effect of distributor design on mixing in the grid zone is therefore important
because of its influence on the overall performance of a fluidised bed.
The velocity of the gas through each of the orifices in a drilled plate distributor can
be an order of magnitude greater than the superficial velocity of fluidisation, leading
to the formation of jets of gas, largely free of solids, above the orifices. Rowe et al.
(1) defined a jet as being a permanent region of high voidage and this definition is
used in this paper. Jets can cause erosion if they impinge on the wall of the
fluidised bed or on internal surfaces, and so it is desirable to understand the factors
affecting their formation. In addition, heaps of unfluidised particles, known as deadzones (shown in dark grey in Figure 1a), can form between orifices. Dead-zones
can lead to reduced rates of reaction because the rates of mass transfer between
gas and solids in those regions will be less than in the fully-fluidised bed. In beds in
which exothermic reactions are being undertaken, the poorer heat transfer in the
dead-zones can give rise to localised heating. This in turn can cause the particles
to agglomerate or sinter, thereby eventually reducing the rate of reaction, and
potentially leading to blockages and equipment downtime.
The literature suggests that the gas emerging from an orifice into a fluidised bed
will appear in one of the following forms: (i) a stable jet, (ii) a stable jet “stalk” from
which bubbles detach and pass into the main part of the bed, or (iii) a train of
bubbles forming immediately at the distributor. When the superficial velocity of the

gas, U, is less than that required for minimum fluidization, Umf, permanent,
temporally-invariant jets are formed (2). However, above a critical superficial
velocity, ~3 Umf, (1) streams of bubbles are formed immediately at the upper
surface of the distributor, without any stable jet. Wen et al. (3) suggested that
permanent jets of gas were formed only when dead-zones were present and
conversely proposed that the presence of a dead-zone was a criterion for the
formation of permanent jets of gas. It was predicted (3) that above a critical value of
U the diameters of the bubbles produced would be equal to the pitch of the orifices
and at this size would prevent the downflow of particles between orifices. As a
result, dead-zones, and consequently permanent jets, would not be formed. Horio
et al. (4) however found that bubbles detaching from the tips of jets did not affect
the dead-zone adjacent to the jet stalk.
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Figure 1: Schematic diagrams of the three modes of gas entry reported in the literature. a) A
permanent jet void (white) is surrounded by a slow-moving, fluidised annulus. Particles are
entrained in the annulus and pass upwards through the jet void at high velocities. Dead-zones
(regions of unfluidised particles, shown in dark grey) can be formed at the base of the jet. b) A
jet ‘stalk’ from which bubbles detach. Two jet lengths are reported for such jets: lj,max, the
maximum jet length seen immediately before a bubble detaches and lj, the height of the
permanent jet stalk (also referred to as the minimum jet length). c) A train of bubbles forming
immediately at the distributor.

The optical opacity of fluidised systems makes observation of the transition
between stable jets and bubble formation at the orifice difficult. Earlier studies of
phenomena at distributors were limited by the experimental techniques available to
observe particle motion in the grid zone. Two-dimensional (2D) bed studies have
the advantage of allowing direct visual observation of flowing particles without
intrusive measurements. However, Merry (5) and Wen et al. (3) have demonstrated
that wall effects can lead to significant differences in the behaviour of jets between
2D and 3D beds. Experiments in 3D beds have largely relied on probe
measurements (3, 6, 7) or slumping a bed containing tracer particles to observe
time-averaged particle motion (4) and to determine the extent of mixing of particles
located initially on the distributor so as to visualize dead-zones. However, recent
advances in tomographic imaging, such as Magnetic Resonance Imaging (MRI) (8,
9), X-ray computed tomography (XCT) (10, 11) and electrical capacitance
tomography (ECT) (12), now allow the non-invasive imaging of 3D beds.
Given the unstable nature of the flow in bubbling beds, it is desirable to image
voidage distributions within the bed at high temporal and spatial resolutions. In
addition, a quantitative, non-invasive measurement technique is needed to identify
dead-zones within the bed. MRI, in particular, has the unique capacity to measure
directly and non-invasively both voidage and particle velocities. The present paper
is concerned with demonstrating the feasibility of MRI for investigating the
relationship between dead-zones and stable jets.

EXPERIMENTAL METHOD
Fluidised Bed
Experiments were performed using a bed of poppy seeds fluidised with air at 25°C.
The bed was contained in a 50 mm i.d. Perspex (poly methyl methacrylate) column,
shown schematically in Figure 2a. The plenum chamber had a volume of ~200 cm3
to dampen fluctuations in gas pressure from the compressed air supply (regulated
at 1 barg). The air was humidified by passing it through a bubbler containing water
at 20°C in order to mitigate the accumulation of electrostatic charge on the
particles. A drilled plate distributor, shown in Figure 2b, with 10 orifices, each of
diameter, do, of 1mm on a triangular pitch of 11 mm, was used to support the bed of
particles. The ratio of the pressure drop across the distributor to the pressure drop
across the bed of seeds at minimum fluidisation was estimated to be 145%.
Poppy seeds were used because of their high content of oil, which provides mobile
1
H nuclei detectable by MRI. The seeds had a diameter 0.5 mm, measured as the
circle equivalent diameter, ds, using analysis by laser diffraction particle sizing
(Beckman LS230), a particle density of ~1060 kg/m3, measured by mercury
porosimetry (Autopore IV). At 298 K and ambient pressure, the seeds had a
measured minimum fluidisation velocity in air, Umf, of 0.13 m/s. The particles were
accordingly classified in Geldart’s Group B. The height of the bed when tapped was
constant at 200 mm. The bed height was chosen to be greater than the maximum
spoutable bed depth, Hmax, predicted using the model of Lefroy and Davidson (13).
The particles were loaded by pouring them into the empty bed whilst the fluidising
air was flowing at a rate, Qmf, suitable for minimum fluidization. This method was
found (9) to eliminate hysteresis in measured jet lengths when fluidising and
defluidising the bed, resulting in an improvement in the reproducibility of the
experiments. Measurements using MRI were made for a succession of gas
superficial velocities, starting at 0.42 m/s (Uo = 105 m/s) and progressively reduced
to 0.12 m/s (Uo = 30 m/s), always allowing ~100 s for the bed to stabilise after each
reduction in U.
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Figure 2: Schematic diagram of a) the fluidised bed and b) the 10 hole distributor (orifice
diameter, do, 1 mm and a triangular pitch of 11 mm between adjacent orifices). Dashed lines in
b) indicate the y position of the x-z planes in which FLASH images were acquired.

Magnetic Resonance Imaging
The experiments were conducted in a 7.1 T (300 MHz 1H frequency) magnet
equipped with a Bruker AV3 spectrometer. The actively shielded gradient system
was capable of producing a maximum gradient strength of 77.7 G/cm. A birdcage
radiofrequency (r.f.) coil (66 mm i.d.) was used to excite and detect the 1H nuclei
within the poppy seeds. Three pulse sequences were employed to image the bed:
1. A multi-slice spin-echo (MSSE) sequence was used to acquire time-averaged,
3D images of the distributor region. Fifty horizontal slices, each 1mm thick,
were acquired, spaced along the z-dimension, giving a vertical field of view of
50 mm and a spatial resolution of 1 mm in the z-direction. Each horizontal slice
(x-y plane) was acquired at 256 × 256 pixels with a field of view of 60 mm ×
60 mm, which gave a resolution of 0.234 mm × 0.234 mm in the x- and ydirections. Four averages were acquired per slice with a repetition time (the
time between excitations of the same slice), TR = 1.5 s and echo time (the time
between exciting the sample and the peak of the acquired echo signal), TE =
7.7 ms Each multislice image was acquired over ~840 s.
2. A multi-slice velocity encoded spin-echo (MSVESE) sequence was used to
acquire time-averaged 3D velocity maps of the jetting region. In the axial (z)
dimension, 15 slices were acquired, each 1 mm thick to give an axial spatial
resolution of 1 mm. Four averages were acquired per slice with a repetition
time, TR = 1 s and echo time, TE = 2 ms. In-plane slices (x-y plane) were
acquired at 64 × 64 pixels with a field of view of 60 mm × 60 mm, which gave
an in-plane resolution of 0.938 mm × 0.938 mm. Each multislice image was
acquired over ~675 min.
3. A Fast Low Angle Shot (FLASH) sequence was used to image rapidly 2D
slices in the x-z plane, 3 mm thick, at 32 × 32 pixels with a field of view of 60 ×
60 mm, giving a spatial resolution of 1.875 × 1.875 mm. The images were
acquired at a temporal resolution of 30 ms per image.
RESULTS
From a MSSE scan, a greyscale image of a vertical slice on the axis of the bed is
shown in Figure 3a for U = 0.12 m/s.
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Figure 3: MSSE images of a bed fluidised with a superficial gas velocity, Us, of 0.12 m/s
showing a) a centre slice from the grey scale intensity data (slice taken along the centre line,
shown in Figure 2b), b) a thresholded centre slice showing jet voids (white) and c) a 3D
reconstruction of regions of high voidage.

Here, a signal of high intensity (pure white in the greyscale image) corresponds to a
high concentration of particles, and hence a low voidage. Black corresponds to gas,
from which no signal is obtained. The greyscale image therefore gives an indication
of the relative time-averaged voidage within the bed. Figure 3b shows a filtered
image of the same slice. The threshold in Figure 3b was chosen based on the
variance of the noise in MRI images with no signal (in which the noise is Rayleigh

distributed). The threshold value was chosen as 1.5 times the variance of the noise
and hence could be used to distinguish regions in which there was little or no MR
signal. Areas with low signal correspond to areas of high voidage, such as a
permanent jet or a bubbling region. An example of a reconstructed 3D image of
high voidage regions at U = 0.12 m/s is shown in Figure 3c. Thus, MSSE
measurements provide high spatial resolution (0.234 × 0.234 × 1 mm in the x-, yand z-directions), time-averaged demarcation of the dense bed and regions of high
voidage; these measurements do not distinguish between permanent voids and
bubbles.
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Figure 4: Sequential x-z centre slices (slice taken along the centre line, shown in Figure 2b)
acquired using FLASH (a-c) with a superficial gas velocity, Us, of 0.12 m/s and a temporal
resolution of 30 ms. A standard deviation map (d) was used to identify regions of permanent
high voidage. The white arrow in (d) indicates a permanent jet stalk height measured from the
standard deviation map.

Figures 4a - c show three frames from a series of FLASH images acquired at
intervals of 30 ms for a similar vertical slice of a bed fluidised at U = 0.12 m/s as
that shown in Figure 3. Bubbles are seen to form and detach from the tips of the
jets. A map of the standard deviation of the image intensity over 50 frames is
shown in Figure 4d. It can be seen that regions in which a permanent void is
present have a lower standard deviation than those in which bubbles are present.
The heights of permanent jet stalks can therefore be measured by applying a
threshold to the map of standard deviation. Therefore, FLASH images provide a
method to distinguish between permanent voids and bubbles, albeit at a lower
spatial resolution than the MSSE measurements.
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Figure 5: Time-averaged a) x-direction, b) y-direction, and c) z-direction velocity maps of the
centre slice (the orientation of the slice is shown in Figure 2b) for a bed fluidised at a
superficial gas flowrate, U, of 0.12 m/s. Deadzones, identified as those regions in which
particles are stationary in the x-, y-, and z-directions, are shown in white in d).

Time-averaged maps of average velocities of particles in the x- y-, and z-direction
were acquired using the MSVESE technique. Vertical, centre slices (x-z slice taken
through the centre line shown in Figure 2b) of the velocity maps of the x- y-, and zdirection velocities for a superficial gas flowrate, U, of 0.12 m/s are shown in
Figures 5a – c. In the MSVESE sequence, spins associated with particles moving
in the direction of the velocity-encoding gradient acquire a phase shift proportional

to their velocity. However, noise in the measurement means that even stationary
particles will tend to yield a non-zero phase. Therefore, stationary regions were
identified as those in which the value of the phase shift was less than one standard
deviation of the phases measured on a stationary system. Using this definition,
regions with a velocity below 0.76 mm/s were identified as stationary. This
uncertainty will hold for particle velocities up to 5.9 mm/s in the dense part of the
bed. If it is desired to measure particle velocities at higher void fraction or higher
velocity, the flow gradient strength should be altered as is described by Müller et al.
(14). A dead-zone was then identified as a region in which there was no motion in
any direction. The dead-zone calculated for the slice corresponding to the velocity
maps in Figures 5a - c is given in Figure 5d. Thus, MSVESE gives average particle
velocities, and was used to identify dead-zones in the bed.
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Figure 6: x-z slices (orientation of the slices is given in Figure 2b: slice 1 (left), centre slice
(centre) and slice 2 (right)) of beds fluidised at superficial gas flowrates of a-c) 0.12, d-f) 0.24
and g-i) 0.36 m/s. Time averaged regions of high voidage are shown in black, fluidised regions
in grey and deadzones in white. White arrows indicate the height of permanent jet stalks
directly above the orifices, obtained from the FLASH measurements.

The results from MSSE, MSVESE and FLASH sequences are complementary and
were combined into one image in order to develop a comprehensive image of
dead-zones, fluidised regions and permanent jets within the bed. Figure 6 shows xz slices for superficial gas velocities, U, of a - c) 0.12, d - f) 0.24 and g - i) 0.36 m/s.
Dead-zones are shown in white, fluidised regions in grey and areas of high voidage
(i.e. permanent jets, jet stalks or bubbling regions) in black. White arrows indicate
permanent jet heights calculated from FLASH images. Measurements of jet heights
using FLASH were verified by imaging temporally-invariant jets (of the type shown
schematically in Figure 1a), since the jet height measured using FLASH and MSSE
should be equal for such jets. At U = 0.12 m/s (U/Umf = 0.92) FLASH images
indicated that the jets at the edge of the distributor (seen in Figures 6a and 6c)
were stable. The heights of jets from MSSE and FLASH measurements were
compared and FLASH measurements were found to have an error of 3 mm,
probably owing to partial volume affects when identifying the distributor and the top
of the jet.
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Figure 7: Permanent jet length, lj, as a function of the superficial gas velocity, U. The error bars
show the standard deviation in jet height for ten jets.

Figure 7 shows average permanent jet heights, lj, with increasing superficial gas
velocity. The error bars show the standard deviation in jet height for ten jets. At low
gas velocities (below U = 0.18 m/s, Uo = 60 m/s) dead-zones were present and
above U = 0.24 m/s (Uo = 75 m/s) no dead-zones were observed. The preliminary
results in Figure 7 show that permanent jet heights did not vary significantly over
the range of velocities investigated in this paper. No correlation between the
existence of a dead zone and the height of the jets was observed in this system.
DISCUSSION
This study shows that MRI has two main strengths as an experimental technique
for studying fluidisation phenomena in the grid zone:
1. Voidage can be determined with high temporal and spatial resolutions by
using both FLASH and MSSE imaging sequences. By using both techniques
it is possible to distinguish between permanent jets, jet stalks with bubbles
detaching from the tip and bubbles forming at the orifice.
2. Direct measurement of average particle velocities is possible for identifying
dead-zones. By using a velocity-encoded sequence, measurements of the
velocity in all three dimensions can be made and used to determine regions
with stationary particles.
The preliminary results presented in this paper show that the size of the deadzones surrounding the orifices decreased with increasing superficial gas velocity.
This is in agreement with the findings of Horio et al. (4) and Agarwal et al. (15).
CONCLUSION
This study has shown the unique ability of MRI to provide direct, quantitative
measurements of dead-zones in 3D beds, and qualitative, non-invasive voidage
measurements to a high spatial and temporal resolution. By combining results from
different MRI imaging sequences it is possible to build up a comprehensive
understanding of particle motion in the grid zone. In this study the size of deadzones was found to decrease with increasing orifice velocity. In addition, permanent
jet stalks were observed both in the presence and absence of dead-zones.
ACKNOWLEDGMENTS
This work was funded by the Engineering and Physical Sciences Research Council
(Grant numbers EP/F041772/1 and EP/F047991/1).

NOTATION
do
Orifice diameter, m
lj
Jet length, m
Umf
Superficial gas velocity at minimum fluidisation, m/s
U
Superficial gas velocity, m/s
Uo
Orifice gas velocity, m/s
ε
Voidage
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